TNFα (tumor necrosis factor α) is a cell signaling protein (cytokine) that participates in systemic inflammation, and increased serum TNFα levels are observed in patients with advanced heart failure.^[@R1]^ TNFα transmits its signals through 2 receptors, and a large body of evidence indicates that TNFR1 (TNFα receptor 1)--dependent pathways mediate adverse cardiac remodeling and impairments in cardiac function,^[@R2],[@R3]^ whereas TNFR2 (TNFα receptor 2) signaling pathways counter cardiac injury and ameliorate heart failure progression.^[@R4]--[@R6]^ TNFα can protect the heart against apoptosis in the setting of ischemia-reperfusion injury. Specifically, administering low concentrations of exogenous TNFα (0.5 ng/mL, in vitro) before ischemia-reperfusion enhances cell survival in a dose-dependent manner, whereas administering higher concentrations (10--20 ng/mL, in vitro) leads to dose-dependent toxic effects on cells.^[@R7]--[@R9]^ Given that TNFR2 exhibits a higher affinity for TNFα than TNFR1,^[@R10],[@R11]^ we propose that the cardioprotective effects of low concentrations of TNFα are attributable to TNFR2 activation and that the toxic effects of higher concentrations of TNFα are attributable to TNFR1 activation. In addition, the failure of previous clinical trials evaluating anti-TNFα therapies, such as RENAISSANCE (Randomised Etanercept North American Strategy to Study Antagonism of Cytokines), RECOVER (Research Into Etanercept Cytokine Antagonism in Ventricular Dysfunction Trial), and ATTACH (Anti-Tnf Alpha Therapy Against Chronic Heart Failure; where etanercept and infliximab were used to inhibit TNFα), may be attributable to the blockade of TNFR2 signaling.^[@R12]--[@R14]^

Mitochondria serve as key regulators of cellular metabolic activity. In the heart, mitochondrial fitness is required for the maintenance of cardiac myocyte homeostasis. Mitochondrial fitness is facilitated largely by the following 2 distinct phenomena: mitochondrial biogenesis, a process that controls mitochondrial mass and copy number,^[@R15],[@R16]^ and mitochondrial dynamics, which comprises mitochondrial fission and fusion.^[@R17]^ Mitochondrial biogenesis is modulated mainly by several key transcription factors, such as PGC-1α (peroxisome proliferator--activated receptor gamma coactivator 1-alpha), which regulates the de novo generation of mitochondrial proteins, whereas mitochondrial dynamics is regulated mainly by a family of dynamin-related large GTPases. One of the members of this family, Drp1 (dynamin-related protein 1), is largely localized in the cytoplasm and can translocate to the mitochondria to participate in fission of the outer mitochondrial membrane.^[@R18]^ Two other members of this family, Mfn1 and Mfn2 (mitofusin), are located in the outer mitochondrial membrane, and another member of the family, OPA1 (optic atrophy 1), is located in the inner mitochondrial membrane; Mfn1 (mitofusin 1) and Mfn2 control outer mitochondrial membrane, whereas OPA1 controls inner mitochondrial membrane fusion.^[@R19],[@R20]^ The boundary membrane and the cristae are 2 inner mitochondrial membrane subcompartments connected via tubular structures known as cristae junctions, which are characterized by relatively small diameters.^[@R21]^ Cristae are studded with proteins, including respiratory chain supercomplexes and ATP synthase and provide a sufficient surface area for chemical reactions to occur, a feature that enables them to serve as the major sites of aerobic cellular respiration and ATP synthesis.^[@R22]^ OPA1 comprises at least 8 isoforms, which exist as a long OPA1 form and a short OPA1 form. The oligomers formed by long OPA1 form and short OPA1 form tighten cristae junctions to stabilize respiratory chain supercomplexes, thereby increasing mitochondrial respiration efficiency.^[@R23]--[@R25]^

TNFα can cause mitochondrial fragmentation^[@R26]^ and decrease both mitochondrial metabolism-related gene expression^[@R27]^ and respiratory chain supercomplex activity^[@R28],[@R29]^; however, studies have also shown that TNFα can enhance mitochondrial integrity^[@R30]^ and stimulate mitochondrial metabolism.^[@R31]^ These seemingly contradictory data support the notion that TNFR2 can compromise the therapeutic effects of the anti-TNFα agents used to treat patients with heart failure. Moreover, TNFR2 activation has been demonstrated previously to protect the heart against ischemia.^[@R5],[@R6]^ Given that mitochondria play a significant role in maintaining normal cellular structure and function, investigating whether TNFR2 activation can protect cardiac myocytes by regulating mitochondrial morphology and function is worthwhile. In this study, we used cultured neonatal mouse cardiac myocytes (NMCMs) in which TNFR1 was knocked down using siRNA to study the effects of TNFR2 activation at the cellular level. We also subjected both TNFR1-knockout mice and TNFR1 and TNFR2-double (TNFR1/2)-knockout mice to transverse aortic constriction (TAC)--induced stress to determine whether TNFR2 activation can protect against cardiac remodeling. Our data demonstrated that TNFR2 activation protected cardiac myocytes by modulating p300/Stat3/RelA/OPA1 signaling, resulting in cristae junction tightening and significant improvements in mitochondrial integrity, adaptive responses that enabled the indicated cells to withstand the indicated stressors.

Methods
=======

Generation of Stat3-Knockdown and Put-Back Cells
------------------------------------------------

Lentiviruses containing shRNA targeting mouse Stat3 (Hanheng Biotechnology, Shanghai, China) were transfected into NMCMs to knock down endogenous Stat3. To render the put-back different exogenous Stat3 resistant to siRNA, 2 silent nucleotide substitutions (the siRNA-resistant nucleotide sequence 5′-CTACATTGGTGTTTCATAA-3′ was used to replace the original nucleotide sequence 5′-CCACGTTGGTGTTTCATAA-3′) were introduced into Flag-tagged mouse wild-type (WT) Stat3 and 2 other Flag-tagged mutant forms of Stat3 for which we either generated a lysine (K)-to-glutamine (Q) mutation at residue 370 (K370Q) to mimic constitutive acetylation or introduced lysine (K)-to-arginine (R) mutations at residues 370 and 383 (K370/383R) to mimic acetylation resistance. Adenoviruses containing the sequences of the Flag-tagged WT Stat3 and Stat3 mutants as described above were produced by Hanheng Biotechnology for transfection into Stat3-knockdown NMCMs. Additional information on this procedure is available in the [Online Data Supplement](http://circres.ahajournals.org/lookup/suppl/doi:10.1161/CIRCRESAHA.117.311143/-/DC1).

Immunoprecipitation and Western Blotting
----------------------------------------

Cultured cells were lysed in immunoprecipitation lysis buffer, after which the cell lysates were incubated in immunoprecipitation washing buffer with the appropriate antibodies overnight at 4°C, with gentle agitation. The resultant protein--antibody immunocomplexes were precipitated after 1 hour of incubation with protein A/G plus agarose (Santa Cruz Biotechnology, Shanghai, China). Protein A/G plus agarose absorbed with protein--antibody immunocomplexes were washed 5× in lysis buffer before SDS--PAGE and immunoblotting with the indicated antibodies. Additional information on this procedure is available in the [Online Data Supplement](http://circres.ahajournals.org/lookup/suppl/doi:10.1161/CIRCRESAHA.117.311143/-/DC1).

ATP Measurements
----------------

Cellular ATP content was measured using a luciferin/luciferase-based kit (Beyotime Biotechnology, Shanghai, China), according to the manufacturer's instructions.

Measurement of Cardiac Myocyte Oxygen Consumption
-------------------------------------------------

An Oxygraph-2k (O2k; OROBOROS Instruments, Innsbruck, Austria) was used to measure respiration in intact cells.^[@R32],[@R33]^ Approximately 1×10^6^ cells were suspended in MiR05 (respiration media containing 0.5 mmol/L EGTA, 3 mmol/L MgCl~2~·6H~2~O, 60 mmol/L potassium lactobionate, 20 mmol/L taurine, 10 mmol/L KH~2~PO~4~, 20 mmol/L HEPES, 110 mmol/L sucrose, and 1 g/L fatty acid-free BSA, pH 7.1) and then added to the chamber with 2 mL in volume (37°C). The basal oxygen consumption rate (OCR) of the above cells was measured in MiR05 containing no substrates, and the maximum OCR of the cells was measured in MiR05 when adding 1 μmol/L titration of carbonyl cyanide *m*-chlorophenylhydrazone.

Transmission Electron Microscopy.
---------------------------------

Murine heart specimens of the indicated genotypes were fixed in glutaraldehyde, post-fixed in osmium tetroxide, stained with ranyl acetate, dehydrated by ethanol solutions, and embedded in epoxy resin. Thereafter, the blocks were trimmed and cut into ultrathin sections (120 nm) of the indicated thickness. The sections were subsequently observed under a transmission electron microscope. We randomly captured images to measure mitochondrial area, circularity and cristae width using the multi-measure region of interest tool developed by the manufacturers of ImageJ. Additional information on this procedure is available in the [Online Data Supplement](http://circres.ahajournals.org/lookup/suppl/doi:10.1161/CIRCRESAHA.117.311143/-/DC1).

p300-Induced Stat3 Acetylation Site Prediction
----------------------------------------------

Protein--protein docking was performed using ZDOCK, and the indicated acetylation residues and their adjacent residues in Stat3 were set as the receptor binding sites.^[@R34]^ Any one of the following residues in p300 could serve as a donor binding site, as each residue in question was within the indicated distance (15 Å) of the receptor binding sites: ILE1456 (isoleucine1456), ARG1461 (arginine1461), and TRP1465 (tryptophan1465). The binding status of each docking model was evaluated using ZRANK scores.^[@R35]^

Protein Docking and Molecular Dynamics Simulation
-------------------------------------------------

Mutated Stat3 (ie, S1, S2, S3, and S4)-RelA protein docking was performed using ZDOCK.^[@R34]^ For this procedure, the angular step size was set at 15, the residues between LEU358 and ILE368 served as the receptor binding residues, and the docking models were ranked using ZRANK scores.^[@R35]^ For each of the docking complexes, that is, S1-RelA, S2-RelA, S3-RelA, and S4-RelA, the top-ranked structure was selected for subsequent molecular dynamics simulations (MDSs) and binding free energy calculations. To conduct the MDS, we first optimized each docking complex. We then heated the entire system to 300 K in 50 ps. A weak restraint force constant of *k*=10 kcal mol^−1^ Å^−2^ was applied to the protein atoms. The time for this step of the procedure was 1 fs. The complex was then simulated for 5 ns with a time step of 2 fs at 300 K. A quadratic constraint force constant of *k*=1 kcal mol^−1^ Å^−2^ was applied to RelA during the simulation. The SHAKE algorithm^[@R36]^ was used to constrain all the chemical bonds containing hydrogen atoms, and the particle-mesh Ewald method^[@R37]^ was used to quantify long-range electrostatic interactions. The nonbonded cutoff was 8 Å.

Binding Free Energy Calculation
-------------------------------

The binding free energy (ΔG) of each complex was calculated using the molecular mechanics/Poisson−Boltzmann surface area equation,
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where ΔE~ele~ and ΔE~vdw~ are the electrostatic and van der Waals interaction energies, respectively, characterizing the interactions between the receptor and ligand; ΔG~pB~ and ΔG~nonpolar~ are the polar and nonpolar components of the desolvation energy based on the PB model, respectively; and TΔS is the change in conformational entropy induced by protein binding. For the binding free energy calculation, 20 snapshots of the 5-ns trajectory were taken for analysis. The value of the exterior dielectric constant was set to 80, and the value of the solute dielectric constant was set to 1. The nonpolar solvation term was calculated from the solvent-accessible surface area^[@R38]^ using the following equation: ![](res-121-392-i001.jpg) (where γ=0.0072 kcal/(mol·Å^2^), and the unit of ![](res-121-392-i002.jpg) is Å^2^).

Additional information on the antibodies, chemicals, vectors, viruses, cell culture and transfection methods, western blot analyses, real-time polymerase chain reaction analyses, chromatin immunoprecipitation (ChIP) assays, immunofluorescence assays, mitochondrial DNA quantification experiments, mitochondrial flow cytometry analyses, mitochondrial respiration measurements, in silico structure optimization for protein optimization experiments, echocardiography studies, animal models, and histological analyses performed in the study is available in the [Online Data Supplement](http://circres.ahajournals.org/lookup/suppl/doi:10.1161/CIRCRESAHA.117.311143/-/DC1).

Statistical Analysis
--------------------

All values are presented as the mean±SE. After confirming that all variables were normally distributed using the Kolmogorov--Smirnov test, we evaluated the significance of the differences between groups by Student *t* test or 2-way ANOVA followed by Bonferroni multiple comparison test. *P*\<0.05 was considered statistically significant.

Results
=======

TNFR2 Activation Increased Mitochondrial Fusion and Function in NMCMs
---------------------------------------------------------------------

To quantitatively assess the protective effects of TNFR2 activation on mitochondrial homeostasis, we transduced freshly isolated NMCMs and H9C2 cells with lentiviruses containing TNFR1-shRNAm (shRNA targeting mouse TNFR1) and TNFR1-shRNAr (shRNA targeting rat TNFR1), respectively. TNFR1 silencing efficiency was prevalidated in experiments involving NMCMs and H9C2 cells transfected with negative control shRNA (NC-shRNA; Online Figure IA and IB). Twelve hours after transduction, NMCMs with TNFR1 knocked down (NMCMs-TNFR1-KD) were treated with TNFα (0.5 ng/mL) for different time periods and then harvested for transmission electron microscopic examination to analyze the mitochondrial morphology. Twelve hours after TNFα treatment, NMCMs-TNFR1-KD featured mitochondria exhibiting a tubular morphology (Figure [1](#F1){ref-type="fig"}A). We quantified the changes in mitochondria morphology induced by TNFα treatment and found that TNFR2 activation in NMCMs-TNFR1-KD resulted in a 76% increase in mitochondrial size in the corresponding cells compared with placebo-treated cells, a change that was associated with a decrease in the circularity index (from 0.83±0.01--0.73±0.01) and a 45% increase in mitochondrial density (Figure [1](#F1){ref-type="fig"}B). These data indicate that treatment with TNFα enhanced mitochondrial fusion in NMCMs-TNFR1-KD.

![**TNFR2 (TNFα receptor 2) activation increased mitochondrial fusion and function in NMCMs (neonatal mouse cardiac myocytes). A**, NMCMs were transfected with shRNA targeting mouse TNFR1 (NMCMs-TNFR1-KD) and treated with either TNFα (0.5 ng/mL) or placebo for 12 h. Cells obtained before and after TNFα exposure were subjected to transmission electron microscopy (TEM) examination. Representative images are shown (bar=1 μm). **B**, The average mitochondrial area (μm^2^), circularity index, and number of mitochondria per μm^2^ were quantified via TEM analysis (n=3 separate studies, 100 mitochondria per group). **C**, Intracellular ATP levels were determined via luciferin/luciferase-based assays (n=3) involving NMCMs-TNFR1-KD. **D**, Oxygen consumption rates in NMCMs-TNFR1-KD were assayed under both basal and maximal conditions (ie, under carbonyl cyanide *m*-chlorophenylhydrazone \[CCCP\] treatment; n=3). **E**, Mitochondrial membrane potential (Δψm) was measured in H9C2 cells transfected with TNFR1-shRNAr and treated with either CCCP (50 μmol/L) or oligomycin (10 μmol/L), which served as negative and positive controls, respectively (n=3). The results are shown in the bar graph. **F**, Real-time polymerase chain reaction was performed to quantify mitochondrial cytochrome B (cytoB as mtDNA) expression levels, which were normalized to β-actin expression levels in NMCMs-TNFR1-KD to assess the total mitochondrial mass. **G**, MitoTracker Red staining was performed on H9C2 cells transfected with TNFR1-shRNAr to stain the mitochondria for flow cytometric analysis (n=3). \**P*\<0.05, \*\**P*\<0.01.](res-121-392-g002){#F1}

Previous studies have shown that mitochondrial fusion is associated with increased mitochondrial oxidative phosphorylation.^[@R25],[@R39]^ To confirm this finding, we studied the effects of treatment with TNFα on ATP levels. Treatment with TNFα resulted in a 35% increase in ATP levels in NMCMs-TNFR1-KD compared with placebo-treated cells (Figure [1](#F1){ref-type="fig"}C). Moreover, treatment with TNFα resulted in a 35% increase in maximal OCRs (under carbonyl cyanide *m*-chlorophenylhydrazone treatment) but not basal OCRs in NMCMs-TNFR1-KD compared with placebo-treated cells (Figure [1](#F1){ref-type="fig"}D). In addition, TNFR2 activation increased the Δψm (+18%) in TNFα-treated H9C2 cells with TNFR1-shRNAr compared with placebo-treated cells at 12 hours post-treatment (Figure [1](#F1){ref-type="fig"}E).

TNFR2 Activation Did Not Promote Mitochondrial Biogenesis in NMCMs
------------------------------------------------------------------

We observed that TNFR2 activation induced significant changes in mitochondrial morphology and function. We subsequently aimed to determine whether these changes were attributable to enhanced mitochondrial biogenesis. We assessed cytoB expression levels (representing mtDNA levels), which were normalized to β-actin levels, by quantitative real-time polymerase chain reaction to measure the total mitochondrial mass in NMCMs-TNFR1-KD. Treatment with TNFα induced no changes in the above parameters in the corresponding cells compared with placebo-treated cells, indicating that TNFR2 activation does not stimulate enhancements of mitochondrial biogenesis (Figure [1](#F1){ref-type="fig"}F). We also performed flow cytometry analysis, in which MitoTracker Deep Red was used to stain the mitochondria (Figure [1](#F1){ref-type="fig"}G). The flow cytometry results also showed that treatment with TNFα elicited no significant changes in mitochondrial mass in the corresponding cells compared with placebo-treated cells. Moreover, we quantified the expression levels of the 3 core proteins involved in oxidative phosphorylation (ie, ATP5A, MTCO1, and SDHB) by Western blotting, with both HSP60 (heat shock protein 60) and β-actin serving as loading controls. Treatment with TNFα did not induce significant changes in the expression levels of the indicated proteins (Figure [2](#F2){ref-type="fig"}A) in NMCMs-TNFR1-KD compared with placebo-treated cells. In addition, we noted no changes in the protein expression levels of PGC1α, a central regulator of mitochondrial biogenesis, in TNFα-treated cells compared with placebo-treated cells (Figure [2](#F2){ref-type="fig"}A).

![**TNFR2 (TNFα receptor 2) activation enhanced mitochondrial fusion by upregulating OPA1 (optic atrophy 1) expression. A**, Neonatal mouse cardiac myocytes (NMCMs)-TNFR1-KD were treated with TNFα (tumor necrosis factor α; 0.5 ng/mL) for the indicated times and then harvested, after which the total protein was obtained. The protein expression levels of PGC-1α (peroxisome proliferator--activated receptor gamma coactivator 1-alpha), a transcriptional factor that regulates mitochondrial biogenesis, and selected proteins that participate in mitochondrial oxidative phosphorylation (OXPHOS; including ATP5A, MTC01, and SDHB) were determined by Western blotting (n=3) and did not change after TNFR2 activation. Both HSP60 (heat shock protein 60; a mitochondrial marker protein) and β-actin (a cytosolic marker protein) served as loading controls. **B** and **C**, The expression levels of mitochondrial dynamic-related proteins, including OPA1 (optic atrophy 1), Drp1 (dynamin-related protein 1), Mfn1 (mitofusin 1), and Mfn2 (mitofusin 2), were determined by Western blotting. Representative western blots are shown (n=3). Two antibodies against OPA1, including a polyclonal antibody (the first lane in **C**) and a monoclonal antibody (the fourth lane in **C**), were used to detect OPA1. The densitometry of each protein was quantified and normalized to that of either β-actin or GAPDH, and the differences in protein expression between the groups are shown in the relevant bar graphs. **D**--**G**, To determine whether upregulated OPA1 was responsible for enhancements of mitochondrial fusion, we cotransfected NMCMs-TNFR1-KD with OPA1-siRNA before treating them with TNFα for 12 h. Transmission electron microscopic examinations were performed, and representative images for each group are shown (**D**, bar=1 μm). The average mitochondrial area (μm^2^), circularity index and number of mitochondria per μm^2^ were quantified and are shown in a bar graph (**E**, n=3, 100 mitochondria per group). Intracellular ATP levels (**F**) and oxygen consumption rates (**G**) were also determined (n=3, respectively). \*\**P*\<0.01.](res-121-392-g003){#F2}

TNFR2 Activation Modulated OPA1 Expression in NMCMs
---------------------------------------------------

To further evaluate the changes in mitochondrial fusion induced by TNFR2 activation in NMCMs-TNFR1-KD, we measured the expression levels of the key proteins involved in mitochondrial dynamics^[@R40]--[@R42]^ by Western blot analysis. Mfn1, Mfn2, and Drp1 protein expression levels did not change significantly in TNFα-treated cells compared with placebo-treated cells (Figure [2](#F2){ref-type="fig"}B); however, surprisingly, total OPA1 expression levels were significantly increased by TNFR2 activation (Figure [2](#F2){ref-type="fig"}C). The results of the Western blot analysis, which was performed using 2 different antibodies specific for OPA1, showed that the expression levels of five OPA1 isoforms (5 bands) recognized by polyclonal antibodies increased by 1.52±0.1-fold in NMCMs in response to TNFR2 stimulation. Moreover, the expression levels of the long and short isoforms of OPA1 (2 bands), which were detected using monoclonal antibodies, increased by 1.73±0.2-fold (Figure [2](#F2){ref-type="fig"}C). Thus, our data strongly suggested that the improvements in mitochondrial fusion and function induced by TNFR2 activation are because of enhancements of OPA1-dependent mitochondrial fusion.

TNFR2 Activation-Induced OPA1 Upregulation Was Responsible for Enhancing Mitochondrial Fusion and Function in NMCMs.
--------------------------------------------------------------------------------------------------------------------

We subsequently assessed whether enhancements of OPA1 expression were responsible for improving mitochondrial fusion and function after TNFR2 stimulation. We transfected NMCMs-TNFR1-KD with either NC-siRNA or siRNA targeting mouse OPA1 (OPA1-siRNA). The efficiency of the siRNAs was tested previously (Online Figure IC). Consistent with the results shown in Figure [1](#F1){ref-type="fig"}, the results of this experiment showed that NMCMs-TNFR1-KD transfected with NC-siRNA exhibited a 56% increase in mitochondrial area, a 10% decrease in the circularity index, and a 42% decrease in mitochondrial density compared with untransfected cells after TNFR2 stimulation. All of these changes were attenuated in NMCMs-TNFR1-KD transfected with OPA1-siRNA (Figure [2](#F2){ref-type="fig"}D and [2](#F2){ref-type="fig"}E). Similar results were observed in the experiments in which intracellular ATP levels (Figure [2](#F2){ref-type="fig"}F) and maximum oxygen consumption capacity (Figure [2](#F2){ref-type="fig"}G) were quantified, indicating that OPA1 upregulation contributed to enhancements of mitochondrial function. Interestingly, we also observed that Drp1 mitochondrial localization was slightly decreased in OPA1-siRNA--transfected cells compared with NC-siRNA--transfected cells (Figure II).

Both Stat3 and NF-kB Signaling Promoted OPA1 Expression After TNFR2 Activation
------------------------------------------------------------------------------

To identify the specific signaling pathway that regulates OPA1 expression, we used specific inhibitors to block the signaling pathways downstream of TNFR2. Specifically, we pretreated NMCMs-TNFR1-KD with the following agents: pyrrolidine dithiocarbamate (at 50 µmol/L), which inhibits the NF-kB (nuclear factor-kappa B) signaling pathway^[@R43]^; bisindolylmaleimide I (at 50 µmol/L), which inhibits the PKC signaling pathway^[@R44]^; wortmannin (500 nmol/L), which inhibits the PI3K signaling pathway^[@R45]^; ruxolitinib (250 nmol/L), which inhibits the Stat3 signaling pathway^[@R5],[@R6]^; or KN-62 (3 µmol/L), which inhibits the CaMKII (Ca^2+^/calmodulin-dependent protein kinase II) signaling pathway.^[@R46]^ We found that the enhancements of OPA1 expression that were induced by TNFR2 activation were largely abrogated by pretreatment with either pyrrolidine dithiocarbamate or ruxolitinib however were unaffected by treatment with bisindolylmaleimide I, wortmannin or KN-62 (Figure [3](#F3){ref-type="fig"}A), suggesting that Stat3 and NF-kB both participate in regulating OPA1 expression.

![**Stat3 and NF-kB (nuclear factor-kappa B) signaling pathways participated in TNFR2 (TNFα receptor 2) activation-induced OPA1 (optic atrophy 1) upregulation in neonatal mouse cardiac myocytes (NMCMs). A**, Various pharmacological inhibitors of different signaling pathways, including bisindolylmaleimide I (Bis I, PKC inhibitor), ruxolitinib (Ruxo, Stat3 inhibitor), pyrrolidine dithiocarbamate (PDTC, NF-kB inhibitor), KN-62 (CaMKII \[Ca^2+^/calmodulin-dependent protein kinase II\] inhibitor), and wortmannin (Wort, PI3K inhibitor), were pre-administered to NMCMs-TNFR1-KD. TNFR2 activation-induced OPA1 expression levels were then quantified. **B**--**E**, Stat3 (**B** and **C**) or RelA (**D** and **E**) was knocked down by siRNA against Stat3 or RelA, respectively, in NMCMs-TNFR1-KD, after which the cells were treated with TNFα (tumor necrosis factor α). OPA1 protein (**B** and **D**) and mRNA expression levels (**C** and **E**) were quantified. **F**, Chromatin immunoprecipitation (ChIP)-polymerase chain reaction assay was performed to identify the binding sites for Stat3 and RelA in the promoter region of OPA1. \*\**P*\<0.01.](res-121-392-g004){#F3}

To confirm that Stat3 and NF-kB participate in regulating OPA1 expression in response to TNFR2 activation, we used siRNA specifically targeting either mouse Stat3 (Stat3-siRNA) or mouse RelA (RelA-siRNA). The silencing efficiency of the indicated siRNAs was tested previously (Online Figure ID and IE). Treatment with either Stat3-siRNA or RelA-siRNA significantly attenuated the indicated enhancements of OPA1 expression in the corresponding cells compared with NC-siRNA--treated cells after TNFR2 stimulation, as shown by the results of experiments in which protein (by Western blotting) and mRNA expression (by polymerase chain reaction) levels in the indicated cells were assessed (Figure [3](#F3){ref-type="fig"}B through [3](#F3){ref-type="fig"}E). As Stat3 and RelA are both well-known important transcription factors, we aimed to determine whether Stat3 and RelA regulated OPA1 expression at the transcriptional level after TNFR2 activation. Analysis of the OPA1 promoter using Jaspar software (<http://jaspar.genereg.net/>) identified 2 putative binding sequences for Stat3 and RelA (as indicated in Figure [3](#F3){ref-type="fig"}F) that were adjacent to each other. To directly determine how Stat3 and RelA mediated OPA1 expression at the transcriptional level in NMCMs-TNFR1-KD, we performed ChIP assays. We designed a pair of primers that targeted the R1 region covering the 2 putative binding sequences (Online Table I). Primers targeting the R2 region were used as negative controls. The results of the ChIP analysis, in which antibodies targeting either mouse Stat3 or mouse RelA were used, showed that TNFR2 stimulation resulted in the binding of both Stat3 and RelA to the OPA1 promoter (Figure [3](#F3){ref-type="fig"}F). These data implied that Stat3 and RelA can synergistically enhance OPA1 transcription by binding to adjacent regions of the OPA1 promoter.

TNFR2 Activation--Mediated Increases in Stat3 Acetylation Enhanced Stat3/RelA Interactions and Thus Upregulated OPA1 Expression
-------------------------------------------------------------------------------------------------------------------------------

The roles of Stat3/RelA interactions in the nuclear retention of both proteins and the modulation of the expression of prosurvival genes have been studied previously.^[@R47],[@R48]^ In the present study, we tested whether TNFR2 activation also facilitated Stat3/RelA interactions to increase OPA1 expression. We designed TNFR1-shRNAr (shRNA targeting rat TNFR1) and TNFR2-shRNAr (shRNA targeting rat TNFR2) and a negative control shRNA (NC-shRNA) and then transfected them into H9C2 cells. The gene silencing efficiency of each siRNA was tested before the experiment (Online Figure IB and IF). We examined post-TNFα treatment Stat3/RelA colocalization in the nucleus by confocal immunofluorescence assay. Stat3/RelA clearly colocalized in the nuclei of H9C2 cells infected with NC-shRNA and TNFR1-shRNAr; however, only RelA localized in the nuclei of H9C2 cells infected with TNFR2-shRNAr (Figure [4](#F4){ref-type="fig"}A). To confirm that TNFR2 activation modulates the interactions between Stat3 and RelA in mice, we performed an experiment involving NMCMs. We transfected TNFR2-shRNAm (shRNA targeting mouse TNFR2) into NMCMs (NMCMs-TNFR2-KD). The silencing efficiency of the indicated siRNA was tested previously (Online Figure IG). We then performed a co-immunoprecipitation (co-IP) assay to test the interactions between endogenous Stat3 and RelA in NMCMs-TNFR2-KD and NRCMs-TNFR1-KD after the cells were stimulated by TNFα. As expected, Stat3 and RelA interacted in NRCMs-TNFR1-KD (Figure [4](#F4){ref-type="fig"}B) but not in NRCMs-TNFR2-KD (Figure [4](#F4){ref-type="fig"}C).

![**p300 was essential for Stat3--NF-kB (nuclear factor-kappa B) interactions and, consequently, OPA1 (optic atrophy 1) expression on TNFR2 (TNFα receptor 2) activation. A**, H9C2 cells were transfected with shRNA targeting rat TNFR1 (TNFR1-shRNAr), shRNA targeting rat TNFR2 (TNFR2-shRNAr), or negative control (NC)-shRNA. These cells were then treated with TNFα (tumor necrosis factor α; 0.5 ng/mL) or placebo, which served as a control, for 3 h. Confocal microscopy examination was performed. Fluorescence staining was performed to detect RelA (in green) and Stat3 (in red), and DAPI (4\',6-diamidino-2-phenylindole) used to identify the nucleus. **B** and **C**, Co-immunoprecipitation (Co-IP) experiments were performed to assess the interactions between Stat3 and RelA in neonatal mouse cardiac myocytes (NMCMs)-TNFR1-KD and NMCMs-TNFR2-KD after TNFα treatment. **D**, Stat3 was immunoprecipitated in NMCMs-TNFR1-KD treated with incremental doses of TNFα and then immunoblotted using pan-antiacetyl lysine antibodies (a-Ac). **E**, Cytosolic (**left**) and nuclear (**right**) protein extracts were prepared from the same cells described in **D**. The proteins were then precipitated with antibodies against RelA followed by immunoblotting (IB) detecting RelA, Stat3, and p300. **F**, Plasmids containing myc-p300 and Flag-Stat3 were cotransfected into HEK293T (human embryonic kidney 293T) cells. Co-IP was performed again using antibodies against Flag to pull down Stat3, IB was then performed using a-Ac. **G**, Plasmids containing myc-p300, Flag-Stat3, and HA-RelA were then cotransfected into HEK293T cells, as indicated, followed by co-IP to detect the interactions of Stat3 with myc-p300 and HA-RelA. **H** and **I**, NMCMs-TNFR1-KD were transfected with p300-siRNA and then treated with TNFα. The interactions between endogenous Stat3 and RelA were subsequently assessed by co-IP (**H**), as described above. **I**, OPA1, HSP60 (heat shock protein 60), and VDAC (voltage-dependent anion-selective channel) protein expression levels were determined by Western blot analysis.](res-121-392-g005){#F4}

Protein acetylation has been demonstrated to play essential roles in protein--protein interactions,^[@R49],[@R50]^ and the acetylation status of Stat3 has also been thoroughly investigated.^[@R51]--[@R54]^ Moreover, the cross talk and interactions between Stat3 and NF-kB signaling have been described in previous studies.^[@R48],[@R55],[@R56]^ In the present study, we sought to determine whether Stat3 acetylation could also affect Stat3/RelA interactions after TNFR2 activation. We thus evaluated the acetylation status of Stat3 in TNFα-treated NMCMs-TNFR1-KD. We immunoprecipitated total endogenous Stat3 and then assayed the expression of the protein by Western blotting using antiacetyl-lysine antibodies. We observed that TNFR2 activation resulted in a dose-dependent increase in acetylated Stat3 levels (Figure [4](#F4){ref-type="fig"}D). Additionally, p300-mediated modulation of Stat3 acetylation has also been described in previous studies.^[@R57]--[@R59]^ In the present study, we determined whether p300 participated in the enhancements of Stat3 acetylation induced by TNFR2 activation. Indeed, TNFR2 activation in NMCMs-TNFR1-KD significantly increased the interactions between p300 and the Stat3/RelA complex in the nucleus but not in the cytosol (Figure [4](#F4){ref-type="fig"}E). Therefore, we cotransfected myc-p300 and Flag-Stat3 into HEK293T (human embryonic kidney 293T) cells to recapitulate the process through which p300 acetylates Stat3. We then immunoprecipitated the resulting Flag-Stat3 complexes using antibodies against Flag-Stat3 and found that p300 increased acetylated Flag-tagged Stat3 levels in a dose-dependent manner (Figure [4](#F4){ref-type="fig"}F). To confirm the role of p300 in Stat3/RelA interactions, we cotransfected HEK293T cells with myc-p300, Flag-Stat3 and HA-RelA. Protein--protein interactions between Flag-Stat3 and HA-RelA were minimally detectable in HEK293T cells in which p300 was absent but were significantly enhanced in HEK293T cells in which exogenous myc-p300 was coexpressed (Figure [4](#F4){ref-type="fig"}G). By contrast, when NMCMs-TNFR1-KD were transfected with p300-specific siRNA (p300-siRNA), whose knockdown efficiency was tested previously (Online Figure IH), endogenous p300 downregulation attenuated the above enhancements of the interactions between Stat3 and RelA that were induced by TNFR2 activation in NMCMs (Figure [4](#F4){ref-type="fig"}H). Data collected by previous studies indicate that p300/CBP-associated factor (PCAF), another acetyltransferase, may also acetylate Stat3.^[@R60],[@R61]^ To test the hypothesis that PCAF regulates Stat3/RelA interactions in response to TNFR2 activation, we transfected NMCMs-TNFR1-KD with mouse PCAF-specific siRNA (PCAF-siRNA), whose knockdown efficiency was tested previously (Online Figure II) and performed a co-IP assay using the methods described above. The results showed that Stat3 and RelA could still form a complex when PCAF was knocked down, suggesting that TNFR2 promotes Stat3/RelA interactions in a PCAF-independent manner (Online Figure III). The results also showed that transfecting NMCMs-TNFR1-KD with p300-siRNA eventually attenuated the enhancements of OPA1 expression induced by TNFR2 stimulation (Figure [4](#F4){ref-type="fig"}I). Taken together, the results of these experiments strongly supported our hypothesis that p300 modulates Stat3 acetylation to enhance Stat3/RelA interactions, leading to enhanced OPA1 expression in TNFR2-stimulated NMCMs.

Stat3 DNA-Binding Domain Acetylation by p300 Facilitated Stat3/RelA Interactions
--------------------------------------------------------------------------------

As shown in Figure [4](#F4){ref-type="fig"}F through H, p300-induced Stat3 acetylation is essential for Stat3/RelA interactions. We subsequently aimed to elucidate the molecular mechanism responsible for the interactions. Previous studies have demonstrated that Stat3 contains several functional domains, including an N-terminal domain, a coiled-coil domain, a DNA-binding domain, a linker domain, an Src homology 2 domain, and a transactivation domain (TAD).^[@R62]^ We first conducted ZDOCK analysis to identify the potential sites at which Stat3 is acetylated, as ZDOCK studies can simulate Stat3-p300 protein--protein docking and thus identify multiple acetylation sites on full-length Stat3. Forty-eight lysine sites in Stat3, as well as their neighboring residues, were set as receptor-binding site residues,^[@R34]^ and 1 of the 3 residues in p300 carrying an acetyl group to acetylate substrates (such as Stat3), namely, ILE1456, ARG1461, and TRP1465, was set as a donor binding site. The most likely potential acetylation sites were listed according to their ZRNAK score. Of the 48 lysine sites in Stat3, 12 candidate residues (685, 531, 87, 409, 615, 383, 517, 49, 140, 631, 244, 370) were selected according to their ZRANK score (listed in Online Figure IV) and were assessed in subsequent experiments to quantify their ability to undergo acetylation.^[@R35]^ We also performed a parallel experiment, in which we generated a series of Flag-tagged truncated Stat3 mutants (Figure [5](#F5){ref-type="fig"}A and [5](#F5){ref-type="fig"}B) and transfected them into HEK293T cells alone or with HA-tagged RelA or myc-tagged p300. We then immunoprecipitated the cell extracts with Flag-specific antibodies before immunoblotting them using antibodies targeting either HA or Myc. The full-length Stat3 can bind to RelA in p300-over-expressing HEK293T cells. However, the truncated Stat3 mutants, which were devoid of their DBD (Figure [5](#F5){ref-type="fig"}A), lost the ability to interact with RelA, as demonstrated by the co-IP assay (Figure [5](#F5){ref-type="fig"}B). This observation suggested that the DBD (from amino acids 330 to 465) of Stat3 (Figure [5](#F5){ref-type="fig"}A) served as a RelA-affiliated binding domain. Importantly, this interaction was p300 dependent (lane 5 in Figure [5](#F5){ref-type="fig"}B). Notably, we observed that the depletion of more Stat3 domains (Figure [5](#F5){ref-type="fig"}A) gradually decreased the p300-binding capacity of Stat3 (lanes 9--11 on IB for myc-p300, Figure [5](#F5){ref-type="fig"}B), indicating that multiple acetylation sites in Stat3 may participate in its interaction with p300. Thus, our data indicate that the Stat3 DBD was the domain responsible for mediating Stat3/RelA interactions. Interestingly, the ZDOCK study results pertaining to the predicted Stat3 acetylation sites (listed in Online Figure IV) showed that lysine (LYS) 409, LYS383, and LYS370 were the most likely acetylation sites in the Stat3 DBD. Thus, we selected these 3 sites as receptor-binding residues; whereas residues of ILE1456, ARG1461, and TRP1465 within p300 that carry acetyl groups were set as donor-binding residues. We then analyzed the binding interface between Stat3 and p300 (Figure [5](#F5){ref-type="fig"}C). The distance between LYS370 and its closest donor site, ILE1456, was ≈3.457 Å, whereas the minimum distances between LYS383 and LYS409 (as the receptor residues) and their closest donor sites both exceeded 10 Å (Figure [5](#F5){ref-type="fig"}C). We also evaluated the binding interfaces between the remaining nine putative acetylated lysine residues in Stat3 and p300 (Online Figure Va--i).

![**Acetylation of Stat3 at LYS(K)370, LYS(K)383, or both enhanced its interactions with RelA. A**, Schematic diagram for various truncated mutant of Stat3 that span different domains of Stat3 as denoted by straight black line. The truncated mutant Stat3 lacking N-terminal domain (NTD) is denoted by ΔNTD. The same scheme was used for the other truncated mutants, which are noted by Δ coiled-coil domain (CCD), Δ DNA-binding domain (DBD), and Δ linker domain (LK). Different amino acid (aa) sites were also marked for each domain. All the lysine residues located within the DBD, which is labeled in gray, are outlined. **B**, HEK293T (human embryonic kidney 293T) cells were transfected with HA-RelA or myc-p300, as well as different vectors containing various Flag-tagged Stat3 mutants (as indicated in **A**). The Flag-tagged Stat3 mutants were immunoprecipitated and then immunoblotted using specific antibodies against Flag, myc, and HA. **C**, The Stat3--p300 interface was simulated by an in silico analysis focusing on the lysine residues K370 (a), K383 (b), and K409 (c), which served as binding sites. The distance between the residues on Stat3 and p300 is shown in the figure. **D**, Various vectors containing a Stat3 DBD in which the putative lysine residues found in Flag-Stat3(DBD), namely, LYS(K)409, K383, and K370, were mutated to arginine (R) either alone or in combination, as indicated, were generated and transfected into HEK293T cells along with myc-p300. Whole-cell proteins were then harvested for immunoprecipitation, which was performed using antibodies against Flag-tag, followed by immunoblotting using antibodies against acetyl-lysine to assess the acetylation of the mutant Stat3 DBD. **E**, The same HEK293T cells described in **D** were also transfected with HA-RelA before undergoing the same tests to determine whether p300-mediated Stat3 acetylation also affects Stat3/RelA interactions. ARG indicates arginine; ASP, aspartic acid; CYS, cysteine; FL, full-length Stat3; GLN, glutamine; GLU glutamic acid; HIS, histidine; ILE, isoleucine; SER, serine; SH2, Src homology 2 domain; TAD, that only the transactivation domain was present in the corresponding truncated mutant; TRP, tryptophan; and TYR, tyrosine.](res-121-392-g006){#F5}

p300-Mediated Stat3 Acetylation at LYS370 and LYS383 Facilitated Its Interaction With RelA in HEK293T Cells
-----------------------------------------------------------------------------------------------------------

Based on the data obtained from the ZDOCK-based bioinformatic analysis, we determined the role of acetylation of the indicated lysine residues in Stat3/RelA interactions. We generated Stat3 mutants in which lysine (K) was replaced by arginine (R) to mimic the constitutively nonacetylated form of Stat3. We then constructed 8 different plasmids containing Flag-tagged WT Stat3 DBDs or Flag-tagged mutant Stat3 DBDs, which featured mutations at LYS370, LYS383, or LYS409 or combinations of these mutations (Figure [5](#F5){ref-type="fig"}D). We then cotransfected Flag-tagged WT Stat3 DBDs and different mutant Stat3 DBDs and myc-tagged p300 into HEK 293T cells. We first evaluated the roles of these 3 lysine residues in Stat3 DBD acetylation by co-IP assay. We observed WT Stat3 DBD acetylation in p300-overexpressing HEK 293T cells. Surprisingly, the K-to-R mutation on LYS409 (K409R) had no effect on Stat3 DBD acetylation, and the single K-to-R mutation on LYS370 (K370R) or LYS383 (K383R) and the combination of one of those mutations with the mutation on LYS409 (ie, K409/370R or K409/383R) had limited effects on Stat3 DBD acetylation (Figure [5](#F5){ref-type="fig"}D). Interestingly, K-to-R mutations on both LYS370 and LYS383 (K370/380R) or all 3 lysine residues, that is, LYS370, LYS383, and LYS409 (3K/R), abolished the capacity of Stat3 to undergo acetylation (Figure [5](#F5){ref-type="fig"}D), suggesting that p300 was capable of acetylating the Stat3 DBD at LYS370 and LYS383.

We then evaluated how the acetylation status of the Stat3 DBD affects its interactions with RelA. We cotransfected HEK 293T cells with different Flag-tagged mutant Stat3 DBDs and myc-p300, as well as HA-tagged RelA. Consistent with our previous results (refer to Figure [4](#F4){ref-type="fig"}G), the interaction between the WT Stat3 DBD and WT-RelA was significantly enhanced by p300 overexpression (Figure [5](#F5){ref-type="fig"}E). Single K-to-R mutations (either K370R or K383R) partially reduced the ability of the Stat3 DBD to bind WT-RelA. By contrast, double K-to-R mutations (K370/383R) abolished the interaction between Stat3 and RelA (Figure [5](#F5){ref-type="fig"}E).

MDS Analysis of the Contribution of Stat3 Acetylation to Stat3/RelA Interactions
--------------------------------------------------------------------------------

As co-IP assay enables only semiquantitative assessments of protein-protein interactions, we conducted MDS to simulate the binding of RelA to an unmodified Stat3 (S1), a LYS(K)383-acetylated Stat3 (S2), a K370-acetylated Stat3 (S3), or both acetylated Stat3 species (Online Figure IV; Figure [6](#F6){ref-type="fig"}A). After establishing the 4 binding models, that is, S1-RelA, S2-RelA, S3-RelA, and S4-RelA, we calculated the binding free energy (ΔG~total~) value for each model using the molecular mechanics/Poisson--Boltzmann surface area equation (Figure [6](#F6){ref-type="fig"}B). S3-RelA had the lowest binding free energy of −77.37 kcal/mol and the binding free energy of the other models gradually increased from S4-RelA to S2-RelA and then to S1-RelA (Figure [6](#F6){ref-type="fig"}B). In addition, the electrostatic interaction energy (ΔE~ele~) is a greater contributor to the above protein--protein interactions than van der Waals interaction energy (ΔE~vdw~). Moreover, in silico analysis showed that Stat3 acetylation at K370 alone led to the formation of the most stable Stat3--RelA binding interface.

![**Molecular dynamics simulation (MDS) analysis of the contribution of Stat3 acetylation to Stat3/RelA interactions. A**, Four Stat3 mutants with different acetylated residues were constructed for MDS. S1, S2, S3, and S4 denote nonacetylated Stat3, K383-acetylated Stat3, K370-acetylated Stat3, and K370/K383-acetylated Stat3, respectively. **B**, Free binding energy calculation for the Stat3--RelA binding complexes, namely, S1-RelA, S2-RelA, S3-RelA, and S4-RelA. The energy for each interaction was expressed in kcal/mol. The definition of each equation term was provided in text. **C**, The energies for the interactions between each Stat3 mutant (ie, (a) S1, (b) S2, (c) S3, and (d) S4) and the residues located on RelA. The electrostatic and van der Waals contributions to the interactions are colored in blue and red, respectively. **D**--**G**, The interfaces for the 4 binding complexes described in **B** and **C** are illustrated. (a) The RelA (with cyan surface)--Stat3 (in yellow) interactions involving residues K370 and K383 are represented by balls and sticks; (b) Close-up view of K383 in Stat3 and the residues on RelA. (c) Close-up view of K370 in Stat3 and the residues on RelA. K383(A) and K370(A) denote K383 acetylation and K370 acetylation, respectively. A indicates alanine; D, aspartic acid; E, glutamic acid; F, phenylalanine; I, isoleucine; L, leucine; P, proline; Q, glutamine; S, serine; T, threonine; and V, valine.](res-121-392-g007){#F6}

We also investigated how the acetylation statuses of K370 and K383 affect the binding free energy that drives their interactions with their respective RelA binding residues using information provided by the docking model. We calculated the electrostatic and van der Waals interaction energies from 20 snapshots of the last 1 ns of the corresponding trajectories.

When K383 was acetylated, the repulsive interactions between this site and A385 and A389 of RelA decreased (Figure [6](#F6){ref-type="fig"}Ca and b). As shown in Figure [6](#F6){ref-type="fig"}Db and 6Eb, the distance between S2 and RelA was smaller than that between S1 and RelA. The shorter distance between S2 and RelA resulted in stronger electrostatic interactions between L388 and K383. These results indicated that acetylation at K383 may facilitate stronger binding between Stat3 and RelA.

When K370 was acetylated, the dynamics of the binding interface fluctuated and the binding spectrum of the amino acids of RelA changed from A377-L401 (Figure [6](#F6){ref-type="fig"}Cb) to S484-S549 (Figure [6](#F6){ref-type="fig"}Cc). Careful quantification revealed that the energy levels of the interactions between K370 and the residues on RelA (namely, T515, L544, I547, and S548) were \<1 kcal/mol (Figure [6](#F6){ref-type="fig"}Cc), which indicated that the acetylation of K370 resulted in a weaker interaction between Stat3 and RelA and that the K370 residue on Stat3 was not spatially adjacent to the corresponding residues on RelA (Figure [6](#F6){ref-type="fig"}Fc). Intriguingly, K370 acetylation contributes to enhanced electrostatic interactions between K383 and residues on RelA, enhancements that are partially attributable to strong electrostatic interactions between the positively charged lysine and the indicated negatively charged amino acids (aspartate and glutamate; Figure [6](#F6){ref-type="fig"}Cc and d).

We also assessed the major interactions that occurred following the acetylation of both K370 and K383 and found that both residues were neutral (Figure [6](#F6){ref-type="fig"}Cd). The interaction between S4 and RelA (Figure [6](#F6){ref-type="fig"}G) was weaker than that between S3 and RelA (Figure [6](#F6){ref-type="fig"}F), as the acetylated K383 was neutral, and the electrostatic interactions between K383 on Stat3 and the E489, D539, and S549 residues on RelA in the indicated model were weaker than the corresponding interactions in the S3-RelA model. Acetylation at both K370 and K383 also enhanced the electrostatic interactions between R382, a residue in close proximity to K383 on Stat3, and S549 on RelA (Figure [6](#F6){ref-type="fig"}Cd). These findings indicated that the variations in electrostatic energy that characterized the indicated binding interface arose from the acetylated residues and their adjacent residues. The backbone root mean square deviation (RMSD) changes that occurred during 40 ns of MDS (overall, 5000 snapshots were taken during the 50-ns trajectory; the first 10 ns represented the equilibrium run, and the last snapshot was set as the RMSD reference point) are shown in Online FigureVIa through d. All RMSDs were converged during the simulation, and the last 1-ns trajectory was used to calculate the binding free energy.

Acetylation of K370 and K383 Was Essential for OPA1 Expression and, ultimately, Mitochondrial Fusion in NMCMs After TNFR2 Activation
------------------------------------------------------------------------------------------------------------------------------------

As stated above, we confirmed that p300-induced acetylation of the K370 and K383 residues of Stat3 was indispensable for the interactions between Stat3 and RelA in HEK293T cells. We also showed that knocking down p300 can abolish TNFR2-induced enhancements of OPA1 expression in NMCMs (Figure [4](#F4){ref-type="fig"}I). Thus, we aimed to confirm that acetylation of Stat3 by p300 at residues K370 and K383 played key roles in its binding to RelA and the subsequent formation of a transcriptional complex (Stat3/RelA complex) that promoted OPA1 expression at the transcriptional level after TNFR2 activation.

We knocked down endogenous Stat3 in freshly isolated NMCMs and cotransfected the cells with various vectors, including WT Stat3, acetylation-mimetic Stat3 (K370Q-Stat3) and acetylation-resistant Stat3 (K370/383R-Stat3), to re-express exogenous shRNA-resistant Stat3. We then identified the resulting Stat3-knockdown and put-back cells (Online Figure VII). The co-IP assay showed that the interactions between Flag-tagged WT-Stat3 and endogenous RelA increased significantly after TNFR2 stimulation (Figure [7](#F7){ref-type="fig"}A). Moreover, expressing acetylation-mimetic K370Q-Stat3 in endogenous Stat3-deprived NMCMs-TNFR1-KD substantially enhanced the interactions between Stat3 and endogenous RelA even in the absence of TNFR2 stimulation (Figure [7](#F7){ref-type="fig"}A). By contrast, expressing deacetylation-resistant K370/383R-Stat3 in these cells resulted in a failure of Stat3 to bind endogenous RelA even after TNFα stimulation (Figure [7](#F7){ref-type="fig"}A). Re-expressing WT Stat3 in the indicated cells resulted in increased OPA1 expression after TNFα therapy, whereas expressing K370Q-Stat3 increased OPA1 protein expression even in the absence of TNFR2 stimulation (Figure [7](#F7){ref-type="fig"}B). However, as expected, no increase in OPA1 expression was observed in cells transfected with K370/383R-Stat3 (Figure [7](#F7){ref-type="fig"}B). Thus, our data supported the idea that K370- and K383-dependent Stat3 acetylation plays an essential role in the Stat3/RelA interactions that lead to enhanced OPA1 expression.

![**Acetylation of K370 and K383 was essential for OPA1 (optic atrophy 1) expression and, consequently, mitochondria fusion in TNFR2 (TNFα receptor 2)--treated cardiac myocytes. A** and **B**, Neonatal mouse cardiac myocytes (NMCMs)-TNFR1-KD were first transfected with Stat3-shRNA to knock down Stat3. Adenoviruses containing wild-type (WT) Stat3, Stat3 with a K370Q or K370/380R mutation, and empty vectors (which served as controls) were simultaneously transfected into the cells, which were then treated with either TNFα (tumor necrosis factor α; 0.5 ng/mL) or placebo for 3 h. Co-immunoprecipitation (Co-IP) was performed using antibodies against RelA precipitation followed by immunoblotting (IB) using antibodies against Flag or RelA. OPA1 protein expression levels were detected by Western blotting with HSP60 (heat shock protein 60), VDAC (voltage-dependent anion-selective channel), and β-actin as loading controls. **C** and **D**, transmission electron microscopic images of the mitochondria were obtained using cells treated as described in **A** and **B**, and the average mitochondrial area (μm^2^), circularity index and number of mitochondria per micrometer square were quantified in a bar graph (n=3, 100 mitochondria per group). **E** and **F**, Intracellular ATP levels and basal and maximal oxygen consumption capacity were evaluated (**F**, n=3 per group). \*\**P*\<0.01.](res-121-392-g008){#F7}

When we assessed mitochondrial morphology (Figure [7](#F7){ref-type="fig"}C and [7](#F7){ref-type="fig"}D) (mitochondrial area, the circularity index, and mitochondrial density) and function (Figure [7](#F7){ref-type="fig"}E and [7](#F7){ref-type="fig"}F) (ATP production and both basal and maximal oxygen consumption), we found that the patterns of the changes in mitochondrial morphology induced by the above treatments were consistent with the corresponding changes in Stat3/RelA interactions and OPA1 expression (as shown in Figure [7](#F7){ref-type="fig"}A and [7](#F7){ref-type="fig"}B). We observed no changes in the above parameters in response to TNFR2 activation when NMCMs-TNFR1-KD were deprived of endogenous Stat3; however, re-expressing WT Stat3 re-established the abovementioned response to TNFR2 activation. Interestingly, spontaneous increases (ie, increases not induced by TNFα stimulation) in mitochondrial fusion (Figure [7](#F7){ref-type="fig"}C and [7](#F7){ref-type="fig"}D) and function (Figure [7](#F7){ref-type="fig"}E and [7](#F7){ref-type="fig"}F) were observed when K370Q-Stat3 was put back. By contrast, no increases in mitochondrial fusion (Figure [7](#F7){ref-type="fig"}C and [7](#F7){ref-type="fig"}D) and function (Figure [7](#F7){ref-type="fig"}E and [7](#F7){ref-type="fig"}F) occurred when NMCMs-TNFR1-KD were transfected with K370/383R-Stat3.

Effects of TNFR2 on Mitochondrial Fusion in TAC-Induced Heart Failure
---------------------------------------------------------------------

To determine whether TNFR2 activation-induced OPA1 expression protects the heart against stress, we generated TAC mice model to create pressure-overload--induced heart failure. A total of 60, 8-week-old mice, including 30 TNFR1-knockout male mice and 30 TNFR1/TNFR2 double (TNFR1/2)-knockout male mice, were evaluated in the in vivo study. Mice were randomly assigned to either sham (n=12 of each mouse genotype) or TAC surgery (n=18 of each mouse genotype) groups and followed up for 8 weeks after TAC surgery. All sham-operated TNFR1-knockout and TNFR1/2-knockout mice survived the 8-week postoperative period, whereas 7 TAC-treated TNFR1/2-knockout mice died during the indicated period. By contrast, only 3 TAC-treated TNFR1-knockout mice died; thus, survival in this group was superior to that in the double-knockout group (Online Figure VIII). Autopsy revealed that the mice in the 2 groups that underwent sham surgery did not differ with respect to their heart weight-to-body weight or wet lung weight-to-body weight ratios. However, TNFR1/2-knockout mice subjected to TAC surgery had significantly increased heart weight-to-body weight and lung weight-to-body weight ratios compared with sham-operated mice. These changes were significantly attenuated in TNFR1-knockout mice subjected to TAC surgery (Figure [8](#F8){ref-type="fig"}A and [8](#F8){ref-type="fig"}B; Online Table IV).

![**TNFR2 (TNFα receptor 2) activation prevented pressure-overload--induced mitochondrial fragmentation and improved cardiac function in vivo. A**, Cardiac autopsy was performed 8 wk after transverse aortic constriction (TAC) induction in each group of mice, and hematoxylin and eosin (H&E), picrosirius red and wheat germ agglutinin (WGA) staining were performed. **B**, The heart weight-to-body weight (HW/BW) and lung weight (LW)-to-BW ratios for each group of mice are also shown (n=7--8). **C**, Echocardiographic examinations were performed, and representative M-mode images are shown. Left ventricular fractional shortening (LVFS) and left ventricular end-diastolic diameter (LVEDD) were measured to evaluate cardiac morphology and function (n=7--8/group). **D**, OPA1 (optic atrophy 1) and HSP60 (heat shock protein 60) protein expression levels were detected by western blotting. **E**, Transmission electron microscopic (TEM) examination was done to show the myofibrillary array and mitochondrial morphology. **F**, The mitochondrial area, mitochondrial circularity index, and number of mitochondria per micrometer square in the indicated groups were also quantified (n=3, 200 mitochondria per group). **G**, Mitochondria were isolated from the heart and then stained with Mito-tracker Red before being subjected to flow cytometry analysis. Mitochondrial sizes were quantified using the FSC-A (forward scatter) index (n=4--6). **H**, Representative TEM images of the mitochondrial cristae (scale bar, 500 nm) are shown, and mitochondrial cristae widths were analyzed morphometrically (n=3, 80 mitochondria per group). **I**, The specific substrate-driven oxygen consumption rate of each mitochondrial complex (complex I, complex II, and complex IV) was determined using freshly isolated mitochondria from each group of mice. \**P*\<0.05; \*\**P*\<0.01. **J**, Schematic figure demonstrating the role of p300-mediated acetylation in the Stat3-NFκB(RelA) cross talk responsible for TNFR2-induced OPA1 upregulation and, consequently, enhancements of mitochondrial fusion and function.](res-121-392-g009){#F8}

Echocardiography showed that sham-operated TNFR1-knockout and TNFR1/2-knockout mice did not differ with respect to their left ventricular end-diastolic diameters or left ventricular fractional shortening measurements at 8 weeks after the procedure (*P*\>0.05, respectively; Figure [8](#F8){ref-type="fig"}C; Online Table IV). However, TNFR1/2 knockout mice subjected to TAC surgery exhibited signs of severe cardiac remodeling, as well as significant increases in left ventricular end-diastolic diameter and decreases in left ventricular fractional shortening compared with sham-operated mice (*P*\<0.05, respectively; Online Table IV); however, these changes were significantly attenuated in TNFR1-knockout mice subjected to TAC surgery (*P*\<0.05, compared with TNFR1/2-knockout TAC mice; Online Table IV; Figure [8](#F8){ref-type="fig"}C).

We then quantified OPA1 protein expression levels in each group. Sham-operated TNFR1-knockout and TNFR1/2-knockout mice did not differ with respect to OPA1 expression at 8 weeks post-surgery; by contrast, TNFR1/2 knockout mice subjected to TAC displayed significantly decreased OPA1 expression levels compared with sham-operated mice. These changes were significantly attenuated in TNFR1-knockout mice, whose OPA1 expression levels were similar to those of sham-operated mice (Figure [8](#F8){ref-type="fig"}D).

To evaluate the beneficial effects of preserving of OPA1 expression, we analyzed mitochondrial morphology and function. Transmission electron microscope showed that sham-operated mice displayed round or rectangular mitochondria with normal morphological features (Figure [8](#F8){ref-type="fig"}E and [8](#F8){ref-type="fig"}F). By contrast, TAC-treated TNFR1/2-knockout mice displayed fragmented mitochondria exhibiting significantly decreased areas and increased circularity (*P*\<0.05). These changes were significantly attenuated in TAC-treated TNFR1-knockout mice (*P*\<0.05; Figure [8](#F8){ref-type="fig"}E and [8](#F8){ref-type="fig"}F). Flow cytometric assay of isolated mitochondria from freshly harvested hearts showed that mitochondrial size decreased in TNFR1/2-knockout mice subjected to TAC surgery compared with sham-operated mice. This change was partially attenuated in TNFR1-knockout mice subjected to TAC surgery (Figure [8](#F8){ref-type="fig"}G).

OPA1 is critical for cristae junction tightening. As expected, cristae widths were similar between TNFR1-knockout and TNFR1/2-knockout mice subjected to sham surgery. By contrast, cristae were significantly wider (26%) in TAC-treated TNFR1/2-knockout mice compared with sham-operated mice and were unaltered in TAC-treated TNFR1-knockout mice compared with sham-operated mice (Figure [8](#F8){ref-type="fig"}H). We also quantified mitochondrial respiratory capacity in each group mice. Specifically, we measured the substrate-driven OCRs for ETC complexes I, II, and IV and found that complex I and II activity levels were significantly decreased in TAC-treated TNFR1-knockout mice compared with sham-operated mice (*P*\<0.01) and were even more significantly decreased in TAC-treated TNFR1/2-knockout mice compared with sham-operated mice (Figure [8](#F8){ref-type="fig"}I).

Finally, histological examination demonstrated that TAC-treated TNFR1-knockout mice displayed significantly less severe fibrosis than TAC-treated TNFR1/2-knockout mice (Figure [8](#F8){ref-type="fig"}A), indicating that that the former group of mice experienced better outcomes than the latter group of mice after TAC (Online Figure VIII)

Discussion
==========

The protective effects of TNFR2 against cardiac injury have been recognized^[@R5],[@R6],[@R63]^; however, the mechanisms underlying these effects remain poorly understood. In this study, we showed for the first time that TNFR2 activation confers mitochondria-dependent cardioprotective effects. As a mitochondrial profusion protein, OPA1 has received much attention because it plays significant roles in modulating mitochondrial morphology and function.^[@R15],[@R23],[@R25],[@R64]^ Our data demonstrated that TNFR2 activation mediates interactions between Stat3 and RelA to synergistically upregulate OPA1 expression, an effect that can be abolished by knocking down either Stat3 or RelA. Furthermore, using in vitro and in silico (MDS) studies, we verified that the acetylation statuses of the 2 lysine residues within the Stat3 DBD, that is, K370 and K383, can be modulated by p300, which facilitates Stat3/RelA interactions, and that K370 acetylation resulted in a more stable Stat3/RelA complex than K383 acetylation. We confirmed that Stat3 acetylation plays an essential role in TNFR2 activation-induced increases in OPA1 expression via the following 2 approaches: first, we knocked down endogenous Stat3 in NMCMs and ectopically expressed the acetylation-mimetic K370Q mutant (a knockdown-put-back approach) to recapitulate its pro-OPA1 expression effects even in the absence of TNFα stimulation. Second, we transfected NMCMs deprived of endogenous Stat3 with an acetylation-resistant K370/383R mutant. We found that no changes in OPA1 expression occurred in these cells despite TNFR2 stimulation. Taken together, our data indicate that TNFR2 can activate p300/Stat3/RelA/OPA1 signaling to improve mitochondrial fusion and function and thus ameliorate heart failure.

In the setting of ischemia-reperfusion injury, Stat3 signaling, which is also a key component of the survival activating factor enhancement pathway, plays an essential role in the protection conferred by ischemic pre- or postconditioning.^[@R5],[@R6]^ Given the short time frame associated with the indicated setting, it is difficult to believe that Stat3 would exert its effects as a transcription factor and/or cofactor. It is more likely that phosphorylation at serine 727 in Stat3 mediates its mitochondrial translocation^[@R65]^ and that this noncanonical Stat3 signaling pathway may ameliorate ischemia-reperfusion injury by reducing ROS production and inhibiting mitochondrial permeability transition pore opening at the onset of reperfusion.^[@R66]^ Whether and how mitochondria are involved in the cardioprotective effects of Stat3 under chronic stress conditions has seldom been reported. We showed for the first time that Stat3 signaling plays an essential protective role in settings characterized by chronic stress, such as chronic pressure-overload--induced cardiac remodeling, during which Stat3 activation enhances mitochondrial integrity and function by regulating OPA1 transcriptional activity.

NF-kB has been shown to have multiple physiological effects in cardiac disease, effects that can be either protective or detrimental.^[@R67],[@R68]^ Intriguingly, both TNFR1 and TNFR2 have been shown to be able to activate RelA, a central component of NF-kB signaling.^[@R69]^ Therefore, it is reasonable to speculate that TNFR1 and TNFR2 may recruit different cofactors for RelA, thereby enhancing either prosurvival or proapoptotic gene expression. Based on data obtained from previous studies, as well as data obtained by our group, we surmised that p300 served as a cotranscriptional factor to regulate RelA to produce different gene repertoires. It is known that p300-dependent RelA acetylation increases RelA nuclear retention and transcriptional activity.^[@R48]^ Moreover, p300-mediated Stat3 acetylation can guide NF-kB transcriptional activity to regulate gene expression and induce shifts in transcriptional patterns resulting in the downregulation of proinflammatory or apoptotic genes and the upregulation of prosurvival genes. These shifts in transcriptional patterns, which are driven by different upstream regulators, such as TNFR1/RelA and TNFR2/p300/RelA, were validated in our study, which showed that TNFR1/RelA activation had no effect on OPA1 expression (Online Figure IX).

Some studies have also demonstrated that p300-dependent Stat3 acetylation plays an essential role in regulating mitochondrial function. It has been shown that p300-mediated Stat3 acetylation increases its dimerization and nuclear retention and also enhances its transcriptional activity.^[@R70]^ Heart failure is characterized by and may be ascribed to increased glucose and reduced fatty acid metabolism in cardiac myocytes.^[@R71]^ p300-induced Stat3 acetylation inhibits gluconeogenesis,^[@R51]^ which may counteract the conversion of mitochondrial metabolic substrates from fatty acid to glucose to attenuate heart failure progression. We showed that in addition to inhibiting gluconeogenesis, p300-induced Stat3 acetylation also enhanced mitochondrial respiratory chain supercomplex assembly and stability to increase mitochondrial respiration efficiency. These findings indicated that p300/Stat3 signaling is important for mitochondrial function in the heart.

Lysine acetylation is an evolutionarily conserved post-translational modification that regulates a variety of cellular processes, particularly nuclear transcription and cytoplasmic metabolism.^[@R72]--[@R74]^ Protein acetylation is regulated by enzymes with contrasting effects, histone acetyltransferases,^[@R75]^ and histone deacetylases.^[@R73]^ A series of nonhistone proteins, which serve as signal transducers and transcription factors, are also substrates of histone acetyltransferases and histone deacetylases.^[@R50]^ Our results highlight that p300, a histone acetyltransferase family member, plays an important role in regulating mitochondrial dynamics by upregulating OPA1 expression. The data obtained in the present study support the notion that p300 plays a critical role in maintaining cardiac mitochondrial function and sustaining cell survival in postnatal hearts.^[@R76],[@R77]^ Unsurprisingly, mitochondrial fragmentation was observed in p300C/H3 transgenic mice in which p300 lacked a functional domain.^[@R76]^ Histone deacetylase inhibitors have previously been reported to promote mitochondrial fusion, which can be abolished by either OPA1 or Mfn1 downregulation.^[@R78],[@R79]^ Thus, we could not totally exclude the possibility that histone deacetylase inhibitors played a role in modulating Stat3 acetylation levels in our study; nevertheless, our data strongly supported the idea that Stat3 acetylation and RelA play key roles in upregulating OPA1 expression and thus improving mitochondrial dynamics.

It should be noted that Stat3 phosphorylation at Y705 is a prerequisite for Stat3 translocation to the nucleus. The role of p300-mediated Stat3 acetylation in Stat3/RelA interactions and, consequently, OPA1 expression modulation has been thoroughly investigated; however, the p300-dependent Stat3 acetylation at K370 and K383 that occurred in the nucleus was originally facilitated by Stat3 phosphorylation. We observed that TNFR2 activation increased both Stat3 (at tyrosine 705 and serine 727) and RelA phosphorylation levels (Online Figure XA). In addition, ruxolitinib, a Stat3 phosphorylation inhibitor, could prevent Stat3 accumulation in the nucleus and p300-mediated Stat3 acetylation at K370 and K383, which eventually blocked the interaction between Stat3 and RelA (Online Figure XB). Moreover, in silico analysis of the docking interface between Stat3 and RelA enabled us to determine whether Stat3-Y705 and Stat3-S727 phosphorylation was associated with Stat3/RelA interactions. As shown in Online Figure XI, the indicated phosphorylation sites, Y705 and S727, are located far away from the docking interface (the Stat3 DBD), a finding that supports the idea that Stat3 acetylation, but not Stat3 phosphorylation, contributes to Stat3/RelA interactions.

In summary, the present study has provided novel evidence indicating that TNFR2 activation can modulate mitochondrial dynamics by upregulating OPA1 expression, a process in which p300-mediated Stat3 acetylation at K370 and K383 played an essential role, as the indicated events enabled Stat3 to interact with RelA to activate OPA1 at the transcriptional level. Thus, TNFR2 activation, which facilitates enhancements of mitochondrial integrity and function, can serve as another novel therapeutic target for the treatment or prevention of cardiac dysfunction and remodeling (Figure [8](#F8){ref-type="fig"}J).
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Novelty and Significance
========================

What Is Known?
--------------

-   Previous clinical trials evaluating anti-TNFα (tumor necrosis factor α) therapies failed to show beneficial effects against heart failure, possibly because of activation of the existence of TNFR2 (TNFα receptor 2).

-   Mitochondrial fusion and fission process (mitochondrial dynamics) orchestrates the metabolic performance of the cardiac myocytes.

-   Cardiac diseases are closely associated with dysregulation of mitochondrial dynamics.

What New Information Does This Article Contribute?
--------------------------------------------------

-   We report that TNFR2 activation upregulates OPA1 (optic atrophy 1) expression, enhances mitochondrial fusion, promotes respiratory activity, and increases ATP content.

-   Acetylation of Stat3 at lysine 370 or 383 by p300 is essential for the interaction of Stat3 and RelA and binding to the promoter region of OPA1 and enhancing transcription.

-   We show in an in vivo transverse aortic constriction--induced heart failure mouse model that activation of TNFR2 in TNFR1 knockout mice improved mitochondrial morphology and respiratory activity, leading to improved cardiac function and survival rate, as compared with TNFR1/2 double knockout mice.

Our data demonstrated that TNFR2 activation enhances mitochondria function via an OPA1-mediated mitochondrial fusion process. Thus, the TNFR2 signaling pathway might be a therapeutic target in heart failure.
